Refolding of proteins at high concentrations often results in aggregation. To gain insight into the molecular aspects of refolding and to improve the yield of active protein, we have studied the refolding of lysozyme either from its denatured state or from its denatured/ reduced state. Refolding of denatured lysozyme, even at 1 mg/ml, yields fully active enzyme without aggregation. However, refolding of denatured/reduced lysozyme into buffer that lacks thiol/disulfide reagents leads to aggregation. Thiol/disulfide redox reagents such as cysteine/ cystine and reduced/oxidized glutathione facilitate the renaturation, with the yield depending on their absolute concentrations. We have obtained an ϳ70% renaturation yield upon refolding of lysozyme at 150 g/ml. 
Understanding molecular details of the formation of functional three-dimensional structures, from the one-dimensional information contained in the genetic material, is still one of the major challenges of biology. Anfinsen (1), 3 decades ago, showed that the amino acid sequence dictates the three-dimensional native structure of a protein. Since then, there has been significant progress, particularly due to the availability of recombinant DNA technology tools. Under conditions favoring folding, unfolded states of a protein rapidly (10 -50 ms) collapse to a compact-intermediate state, briefly visiting other intermediate states en route (2, 3) . Such a compact-intermediate state, termed molten globule (3) (4) (5) (6) , is believed to adopt much of the secondary structure of the native protein, to be compact with respect to the unfolded states, and to possess little or no tertiary structure. Conversion of the compact-intermediate state to the native structure determines the overall rate of folding of a protein. Most of the partially folded states, including the molten-globule state, expose hydrophobic surfaces and have a tendency to aggregate or to interact with hydrophobic surfaces in general. Molecular chaperones provide proper hydrophobic surfaces to interact with such partially folded states of proteins, prevent aggregation, and help in proper folding of proteins (2, (7) (8) (9) (10) .
With the advent of recombinant DNA technology, it is now possible to express a gene of interest in a foreign cell and to translate it into a polypeptide chain. However, extensive production of functionally active protein has been limited due to the formation of protein aggregates or inclusion bodies (11, 12) . Inclusion bodies, aggregates of incompletely folded chains (13) , are often partially or completely denatured using denaturants like urea and guanidine hydrochloride and then subjected to refolding (14) .
Many proteins can be refolded properly without any external assistance at low concentrations. However, it is a common observation that the yield of renatured protein decreases when the concentration of the protein to be refolded increases (15) (16) (17) (18) (19) (20) (21) . Kinetic competition between two types of interactions (interchain and intrachain) occurs during the refolding of a protein (20, 22) . Unimolecular intrachain interactions largely lead to the native state, while multimolecular interchain interactions would be expected to increase with the concentration of the refolding protein and therefore lead to misfolding and aggregation (21) . Thus, the efficacy of refolding depends on the partitioning of the folding protein between productive pathways leading to the native state and nonproductive pathways leading to misfolding and aggregation. Studies on the kinetics of competition between renaturation and aggregation during the refolding of lysozyme have shown that aggregation occurs very early during refolding through nonspecific hydrophobic interactions (21) .
We have studied refolding of hen egg white lysozyme at high concentrations (at which earlier studies showed aggregation) using reduced/oxidized glutathione (GSH/GSSG), cysteine/cystine, and reduced/oxidized dithiothreitol (DTT/ODTT) 1 redox systems. We have observed an intermediate in the refolding pathway of lysozyme possessing a significant amount of secondary structure and significantly higher exposed hydrophobic surfaces, which can be refolded to its active form in the presence of GSSG or cystine.
EXPERIMENTAL PROCEDURES
Materials-Hen egg white lysozyme, L-cystine, DL-cystine hydrochloride, L-cysteine, DTT, ODTT, and Micrococcus lysodeikticus cells were purchased from Sigma. GSH and GSSG were procured from SISCO Research Laboratory (Bombay, India). Guanidine hydrochloride was purchased from Serva (Heidelberg, Germany). All other chemicals used in this study were of analytical grade. Lysozyme was further purified by Bio-Rex 70 column chromatography as described by Saxena and Wetlaufer (23) .
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‡ To whom correspondence should be addressed. Tel.: 91-40-672-241; Fax: 91-40-671-195; E-mail: mohan@ccmb.uunet.in. tured lysozyme was prepared by dissolving 12 mg of enzyme in 1 ml of 50 mM Tris-HCl buffer (pH 8.3) containing 6 M guanidine hydrochloride and incubating at 25°C for 15 h. Denatured/reduced lysozyme was prepared by dissolving the enzyme in the same buffer that also contained the reducing agent, 100 mM DTT. The lysozyme concentration was estimated by absorbance at 280 nm for a 1% solution as 26.3 (24) . The stock of denatured or denatured/reduced protein was diluted, just before refolding, with 50 mM Tris-HCl buffer (pH 8.3) containing 6 M guanidine hydrochloride to obtain denatured or denatured/reduced protein stocks of required concentrations. We avoided the step of exchanging the denaturant with 0.1 M acetic acid, which was included in most of the earlier investigations, since our interest was to study the refolding of the enzymes from their fully denatured/reduced state. It is important to note that lysozyme regains partial secondary structure in 0.1 M acetic acid (23) , and a concentration-dependent association of aciddenatured polypeptide chains has been described for several proteins (25, 26) .
Refolding of Denatured and Denatured/Reduced Enzymes-Refolding of the enzyme was achieved by adding 25 l of the denatured or denatured/reduced enzyme stock in denaturing buffer to 0.5 ml of refolding buffer (100 mM Tris acetate (pH 8.1)) either in the absence or presence of the required amounts of thiol/disulfide redox reagents in Eppendorf tubes. The sample was vortexed immediately for a brief period of 15 s and incubated at 25°C for at least 5 h. L-Cystine is sparingly soluble in water at room temperature, and its solubility is known to increase at alkaline pH. To prepare a 1 mM cystine stock solution in 100 mM Tris acetate (pH 8.2), the suspension was incubated at 60°C for ϳ5 min. Clear solution was obtained and brought back to room temperature. DL-Cystine hydrochloride dissolves freely in the buffer.
Kinetics of Renaturation-Refolding of denatured/reduced enzymes was carried out as described above. Small aliquots were withdrawn from the reaction mixture at different time intervals, and enzyme activity was measured immediately.
Kinetics of Aggregation-Refolding of denatured/reduced enzymes was performed in the absorption cuvette as described above. Turbidity of the sample was measured with time by monitoring the absorbance of the sample at 450 nm in a Hitachi U-2000 UV-visible spectrophotometer.
Enzyme Assays-Lysozyme activity was determined at 25°C essentially as described by Fischer et al. (27) . The rate of enzymatic lysis of M. lysodeikticus cells, suspended in 0.1 M phosphate buffer (pH 6.3), was obtained by measuring the decrease in turbidity of the cell suspension at 450 nm as a function of time using a Hitachi U-2000 UV-visible spectrophotometer. The percentage renaturation yield in the refolding studies was calculated with respect to the activity of the native enzyme.
Studies on the Early Folding Intermediate-Denatured/reduced lysozyme was refolded at 100 g/ml (final concentration) in 100 mM Tris acetate (pH 8.1) lacking thiol/disulfide reagents; fluorescence and circular dichroism spectra were recorded 2 min after initiation of refolding and were completed within 5 min of initiation of refolding. These early recordings represent spectra of an "intermediate." The fluorescence spectra were recorded in a Hitachi F-4000 fluorescence spectrophotometer. The intrinsic fluorescence spectra of the native and denatured/ reduced enzymes and the intermediate were recorded with a scan speed of 60 nm/min and 5 and 3 nm excitation and emission band passes, respectively. The excitation wavelength was set at 295 nm. In another experiment, 10 l of a 10 mM methanolic solution of the hydrophobic dye 8-anilinonaphthalene-1-sulfonic acid was added to 1 ml of native or refolded enzyme and the intermediate samples. The fluorescence spectra were recorded immediately with the excitation wavelength set at 365 nm and a scan speed of 120 nm/min. All fluorescence spectra were recorded in the correct spectrum mode. Far-UV CD spectra of native and refolded lysozyme and the intermediate were recorded using a Jasco J-20 spectropolarimeter.
To determine whether the intermediate could be renatured, denatured/reduced lysozyme was allowed to refold for a short period of 2 min, allowing the formation of the intermediate. Then, 10 l of 100 mM GSSG was added to 1 ml of the intermediate, and the sample was incubated at 25°C. The activity was measured after 3 h.
Studies on Refolded Lysozyme-Denatured/reduced lysozyme was refolded at 100 g/ml as described above in the presence of 1 mM DL-cystine hydrochloride. The sample was incubated at 25°C for 5 h and centrifuged at 4000 ϫ g to remove insoluble material. Far-UV CD spectra of this sample and the native enzyme were recorded. Reversephase HPLC was also performed on an analytical C 18 column with a 0 -100% acetonitrile gradient and a flow rate of 1 ml/min.
RESULTS AND DISCUSSION
Lysozyme is one of the most extensively studied (21, 23, 28 -31) enzymes for its refolding properties. Several low molecular weight thiol/disulfide redox pairs such as reduced and oxidized glutathione, reduced and oxidized dithiothreitol, cysteine and cystine, and cystamine and cysteamine have been shown to accelerate the oxidative refolding of lysozyme (23) . At low concentrations (ϳ14 g/ml), lysozyme has been shown to refold to its native state, however with varying renaturation yields (21, 23, 28 -31) . As the concentration of the enzyme to be refolded increases, the renaturation yield drastically decreases due to misfolding or aggregation (21) .
We studied the refolding of denatured and denatured/reduced lysozyme at high concentrations. Refolding of denatured lysozyme even at 1 mg/ml does not result in any aggregation (Fig. 1A) . Almost 100% activity of the enzyme is recovered (Fig.  1B) . However, denatured/reduced lysozyme does not refold to its active form when the refolding buffer lacks thiol/disulfide reagents. Even at the lowest concentration studied (50 g/ml), refolding of denatured/reduced lysozyme results in aggregation as shown in Fig. 1A . Lysozyme is known to refold within a few seconds when the disulfide bonds are intact (32) , while it takes several minutes when the disulfide bonds are reduced (23) . Goldberg and Guillou (33) have shown that a folding intermediate with substantial secondary structure is formed in 4 ms when denatured lysozyme is subjected to refolding, whereas the refolding of lysozyme under conditions that lead to reduction of its disulfide bonds does not exhibit any secondary structural formation in such a time scale. Our results show that denatured lysozyme refolds completely to its active state without any aggregation due to self-association even at concentrations as high as 1 mg/ml. Kumar et al. (15) showed that the refolding of denatured but not reduced RNase A at a concentration as high as 20 mg/ml yielded a single peak in sedimen- tation analysis with s 20,w similar to that of the native enzyme. Native lysozyme does not exhibit self-association at the concentration range used in the present study (35) . Thus, it appears that the constraints imposed by the disulfide bonds facilitate a faster rate of secondary structural formation, fewer intermolecular interactions, and productive folding of proteins.
As we have mentioned above, refolding of denatured/reduced lysozyme leads to aggregation of the protein. We studied the effect of thiol/disulfide redox reagents on the refolding of denatured/reduced lysozyme at high concentrations. Fig. 2 shows the effect of absolute concentrations of GSH/GSSG or cysteine/ cystine, maintaining a millimolar ratio of 10:1, on the refolding of denatured/reduced lysozyme at 125 g/ml. When the refolding buffer lacks these thiol/disulfide redox reagents (i.e. at the y intercept), the enzyme aggregates to a significant extent as measured by turbidity ( Fig. 2A) , and the renaturation yield is minimal (Fig. 2B) . The percentage renaturation increases with the increase in concentration of thiol/disulfide reagents in the refolding medium (Fig. 2B) . To measure the extent of aggregation, we monitored the absorbance at 450 nm as a measure of turbidity of the solutions. Fig. 2 shows that as the concentration of thiol/disulfide reagents increases, the extent of aggregation decreases with a concomitant increase in the percentage renaturation of the enzyme. Under the refolding conditions used in our studies, the DTT/ODTT system, however, did not facilitate renaturation of the enzyme (Fig. 2) . Fig. 3 shows the renaturation yields obtained upon refolding at different concentrations of denatured/reduced lysozyme in the presence of GSH/GSSG and cysteine/cystine reagents. The renaturation yield gradually decreases with an increase in the protein concentration. At the lowest concentration (50 g/ml), we obtained 75% renaturation. Earlier studies with a much lower concentration of lysozyme (ϳ14 g/ml) reported varying renaturation yields, ranging from 35 to 90%, employing different conditions of refolding. However, at concentrations Ͼ50 g/ml, Goldberg et al. (21) reported a drastic drop in the renaturation yield; upon refolding lysozyme at 140 g/ml, they obtained a renaturation yield of only 10%. In an enzyme-assisted folding process, Puig and Gilbert (36) obtained a renaturation yield of ϳ60% upon refolding lysozyme at 10 M (140 g/ml) in the presence of 30 M (1650 g/ml) protein-disulfide isomerase, an enzyme found in the lumen of the endoplasmic reticulum (37, 38) . Protein-disulfide isomerase catalyzes thiol/ disulfide exchange reactions in the folding of disulfide-containing proteins (39) . Under the conditions used in the present study, we were able to obtain renaturation yields of ϳ70% upon nonenzymatic refolding of lysozyme at concentration as high as 150 g/ml (see Fig. 3) .
We compared the effect of the GSH/GSSG redox system with that of the cysteine/cystine redox system on the refolding of denatured/reduced lysozyme (Figs. 2, 3 , and 4). As evident from Figs. 2-4, the cysteine/cystine redox system appears to be more effective than the GSH/GSSG system under the conditions used. In contrast to our observation, Saxena and Wetlaufer (23) found that several thiol/disulfide pairs had about the same efficiency, both in the rate of refolding and in the yield of active lysozyme. We believe that the reason for this difference lies in the concentration of the protein; they studied refolding of lysozyme at a low concentration (14 g/ml), whereas we used higher concentrations. This is suggested by the data in Fig. 3 ; at 50 g/ml, refolding of denatured/reduced lysozyme either in 10 mM GSH, 1 mM GSSG or in 10 mM cysteine, 1 mM cystine results in similar renaturation yields (ϳ75%), whereas at higher concentrations of the protein, the difference in the renaturation yields for the two redox systems is quite significant. Therefore, in the present study, the refolding at higher concentrations of proteins probably differentiates the efficiency of these thiol/disulfide pairs. The reason for the higher efficiency of the cysteine/cystine system over the GSH/GSSG system, however, is not clear. It may be attributed to lesser net ionic charge and the smaller size of cysteine and cystine molecules, which enable these molecules to access the cysteine residues in the partially folded protein better in comparison with relatively highly charged, bulkier GSH and GSSG molecules.
It is interesting to note that oxidized glutathione or cystine alone facilitates the refolding of denatured/reduced lysozyme to a significant extent as shown in Fig. 4 . However, the renaturation yield is very low at lower concentrations of GSSG and is more pronounced at higher concentrations (0.6 -1 mM). We also observed that different ratios of oxidized to reduced glutathione have little effect on the renaturation yield of lysozyme (data not shown). These results suggest that redox potential does not affect significantly the refolding of lysozyme. This also suggests that breaking and remaking of disulfide bonds might not be a significant factor in the refolding of lysozyme under the conditions used.
In the present study, we obtained almost 80% recovery of activity on refolding denatured/reduced lysozyme at 100 g/ml; due to surface denaturation and adsorption of lysozyme on the surface of reaction tubes, some amount of protein is not recovered (36) (in fact, we could observe a thin film of protein on the surface (air/water interface) of the refolded sample that could be removed by centrifugation). The high recovery of activity on refolding lysozyme at appropriate concentrations of thiol/disulfide reagents indicates the recovery of its native structure. We therefore studied the refolded lysozyme for its secondary structure. Fig. 5 shows the far-UV CD spectra of native and refolded lysozyme (see "Experimental Procedures" for details). The far-UV CD spectrum of refolded lysozyme overlaps almost completely with that of native lysozyme within experimental error. The refolded enzyme also elutes with the same retention time as that of the native enzyme on reverse-phase HPLC as shown in Fig. 6 . The intrinsic fluorescence of the refolded enzyme and its binding to the hydrophobic dye 8-anilinonaphthalene-1-sulfonic acid are comparable to the native protein (see Figs. 9 and  10) . These results clearly demonstrate that the enzyme has almost completely regained its native structure.
We monitored the kinetics of the refolding of denatured/ reduced lysozyme at low and high concentrations by measuring the activity of the enzyme as a function of time. Fig. 7 shows the percentage renaturation yield of lysozyme upon refolding at concentrations of 25 and 100 g/ml in the presence of 10 mM GSH and 1 mM GSSG over a period of 50 min. It is interesting to note that the rate of refolding is relatively lower at the higher concentration of lysozyme.
As mentioned above, higher concentrations of thiol/disulfide reagents suppress the aggregation and improve the renaturation yield in the refolding of proteins at higher concentrations. Thiol/disulfide redox reagents do not have any apparent apolar surfaces, and the mechanism of the observed suppression of aggregation of proteins by the thiol/disulfide reagents may not involve hydrophobic interactions. The kinetics of aggregation of denatured/reduced lysozyme upon refolding is shown in Fig. 8 . The aggregation is minimum and negligible up to 5 min, and it increases more sharply afterwards. The aggregation is suppressed when the refolding medium contains cystine or GSSG (Fig. 8) . This is perhaps due to increased partitioning into proper folding at the expense of the aggregation-prone intermediate.
The data in Fig. 8 show that aggregation is negligible in the first 5 min when lysozyme is refolded at 100 g/ml in the absence of thiol/disulfide reagents. We therefore studied this sample before the aggregation process starts (between 2 and 5 min after initiation of refolding). The far-UV CD spectrum of this sample is shown in Fig. 5 . It is evident from Fig. 5 that a significant amount of secondary structure is regained. Because of the low concentration of the protein sample (and pronounced aggregation observed at higher concentrations), we could not record the near-UV CD spectrum. However, the fluorescence spectrum of this sample shows an emission maximum of 348 nm; the fluorescence spectra of denatured and denatured/reduced protein show emission maxima of 350 nm, while native lysozyme shows an emission maximum of 337 nm (Fig. 9) . This reveals that the tryptophans of the intermediate are exposed to water, similar to those of the unfolded protein. The hydrophobic dye 8-anilinonaphthalene-1-sulfonic acid binds with much more avidity to this intermediate state (Fig. 10) than to the native, denatured/reduced, or refolded enzyme. We investigated whether this intermediate state can be directed to active enzyme upon addition of oxidized glutathione. Upon addition of GSSG to a final concentration of 1 mM and incubation for ϳ3 h, almost 60% of the activity was regained. Thus, lysozyme in this state may be characterized as an intermediate in its refolding pathway. The fate of this intermediate depends on the relative rates of (i) aggregation and (ii) proper refolding. The latter process can be favored by the presence GSSG or cystine. Kuwajima et al. (32) carried out kinetic studies using stop-flow CD on the refolding of lysozyme and the homologous protein ␣-lactalbumin at 4.5°C by measuring changes in the aromatic and peptide regions and observed a kinetic molten-globule intermediate. The native tertiary structure in both proteins was completely absent, while they had almost complete backbone secondary structure. The presence of a stable, partially folded, molten globule-like state, both for lysozyme and ␣-lactalbumin, has also been demonstrated during trifluoroethanol-induced unfolding (40, 41) . The early intermediate obtained by us upon refolding lysozyme in the absence of redox reagents also possesses substantial secondary structure and exhibits intrinsic fluorescence similar to that of the fully unfolded protein. The binding of 8-anilinonaphthalene-1-sulfonic acid to this intermediate is severalfold higher than that to the native or fully unfolded enzyme as usually observed for the molten-globule state (34) . These properties of the intermediate are similar to those proposed for the molten-globule intermediate of proteins.
We have demonstrated that denatured/reduced lysozyme can be refolded at high concentrations with good renaturation yields at appropriate concentrations of thiol/disulfide reagents in the refolding buffer. The cysteine/cystine redox system appears to be more efficient than the GSH/GSSG system. We have observed an intermediate, formed early during the refolding of lysozyme, before the pairing of disulfide bonds occurs that has properties similar to those of a molten globule. This intermediate is prone to aggregation, but in the presence of GSSG, can be refolded to active enzyme. These results should prove useful in understanding intermediates in the pathway of protein folding. Spectra were recorded at a scan speed of 120 nm/min with data collection at every 0.5 s. The excitation and emission band passes were 5 and 3 nm, respectively, and the excitation wavelength was set at 365 nm. (---) . The extent of aggregation was measured as turbidity of the solutions. Turbidity was measured as the absorbance at 450 nm.
